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HERARCHY PROBLEM!

e ELEMENTARY SCALARS
QUADRATICALLY SENSITIVE TO
PHYSICS @ HIGHER SCALES.

e IMPLIES TUNING (IDEALLY FOR A
REASON), UV SURPRISES, OR NEW
PHYSICS.

e IF NP, TWO OPTIONS AVAILABLE:
A STMMETRY OR LOWERING THE
F CUTOFF.

e PURE CUTOFF SOLUTIONS PUSHED
TO ~5 TEV, DISFAVORED.




TOP PARTNER "THEOREM"




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.

o LARGE HIGGS COUPLING: AHQstr, SO STMMETRY
ACTS ON TOFP QUARK. IMPLIES TOFP PARTNERS.




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.

o LARGE HIGGS COUPLING: AHQstr, SO STMMETRY
ACTS ON TOFP QUARK. IMPLIES TOFP PARTNERS.

e TOP PARTNERS LIGHT, AVYATARS OF STMMETRY.




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.

o LARGE HIGGS COUPLING: AHQstr, SO STMMETRY
ACTS ON TOFP QUARK. IMPLIES TOFP PARTNERS.

e TOP PARTNERS LIGHT, AVYATARS OF STMMETRY.

e ALL 4D OPTIONS (sUsY, cLOBAL) COMMUTE WITH
GAUGE SYMMETRIES, 90 TOP PARTNERS
CHARGED UNDER QCD.




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.

o LARGE HIGGS COUPLING: AHQstr, SO STMMETRY
ACTS ON TOFP QUARK. IMPLIES TOFP PARTNERS.

e TOP PARTNERS LIGHT, AVYATARS OF STMMETRY.

e ALL 4D OPTIONS (sUsY, cLOBAL) COMMUTE WITH
GAUGE SYMMETRIES, 90 TOP PARTNERS
CHARGED UNDER QCD.

@ SUST: SCALAR TOP PARTNERS. GLOBAL
SYMMETRY: FERMIONS.




TOP PARTNER "THEOREM"

o STMMETRY PROTECTING HIGGS ACTS ON HIGGS
ITSELF.

o LARGE HIGGS COUPLING: AHQstr, SO STMMETRY
ACTS ON TOFP QUARK. IMPLIES TOFP PARTNERS.

e TOP PARTNERS LIGHT, AVYATARS OF STMMETRY.

e ALL 4D OPTIONS (sUsY, cLOBAL) COMMUTE WITH
GAUGE SYMMETRIES, 90 TOP PARTNERS
CHARGED UNDER QCD.

@ SUST: SCALAR TOP PARTNERS. GLOBAL
SYMMETRY: FERMIONS.

e DECAY MODES VARY BUT GUARANTEED LARGE
QCD CROSS SECTION.




THE TOP PARTNER

THEOREM
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THE TOP PARTNER
PROBLEM

GLOBAL STYMMETRY SUPERSTMMETRY

Tt production
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12015
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12015

NATURALNESS?
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: 50.1—1%




BUT WHAT ABOUT...

THE TWIN HIGGS

[Z. CHACKO, H.-S.

GOH. R. HARNIK. '©5] \;“\-/
of ; 1

electroweak constraints are satisfied by construction. These models demonstrate that, contrary to
the conventional wisdom, stabilizing the weak scale does not require new light particles charged
under the Standard Model gauge groups.

—

STYMMETRY 19 SMa X SMe X Z;

*SEE ALSO CHACKO'S TALK ON THURSDAY




THE TWIN HIGGS

CONSIDER A SCALAR H TRANSFORMING AS A
FUNDAMENTAL UNDER A GLOBAL suU(4)

V(H) = —m?|H|* + \|H|*

POTENTIAL LEADS TO SPONTANEOUS \

STYMMETRY BREAKING,
2

2 T 9 B ,//

| YIELDS SEVEN
~ SU4) — SU3) GOLDSTONE BOSONS.

Uuv: \»>1 NLS8M; \<I LSM )




THE TWIN HIGGS

NOW GAUGE SU@a X SU2)s c sUl4), w/ H — 14
I \ Hp

U} TWINS

7T hen ¢ 3o/a/52‘one\5 are edalen, /. ed\//ng one belind.

EXPLICITLY BREAKS THE SU(4) EXPECT RADIATIVE
CORRECTIONS.

9

H
VIH) > 6472

(92A%[Hal* + g5 A°|Hp|")
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H
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BUT THESE BECOME SuU(4) STMMETRIC IF Ga~Gs FROM A Z;

Quadratic potential has accidental SULy) Syrmelry .




TWIN HIGGS SLOGAN

"‘HIGGS IS PSEUDO-GOLDSTONE OF
THE ACCIDENTAL GLOBAL
STYMMETRY OF QUADRATIC ACTION

OBEYING DISCRETE SYMMETRY ™*

*PLUS STYMMETRIC QUARTIC.
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THE TWIN HIGGS

ACHIEVE THIS PROTECTION FOR THE ENTIRE
SM BY SMa X SMe X Z;

8Ma = US, 8Ms = TWIN SECTOR

CRUCIALLY: £ D —ytHAQéqﬂf — ytlLfBQsBazjs3

EXP/ e Ared,é/ng 3@/7@/‘&2‘ es one—/. oop
QuUapTic:

4

V ok (|Hal*+ |Hp|*) Kk~ 16 5 og(A/f)

Conlh v/ ?aaa//‘df 1 poZ‘enZ‘/a/ e{;/'oyé Sl 4 ))




THE TWIN HIGGS

2
NAIVE VACUUM: (I,)2 = (Hp)2 = f?

F 1S NOT FAR FROM Vv, AND THE CUTOFF IS

~TEV. NOT MUCH OF A PROTECTION, AND
o(5o%) DEVIATIONS IN HIGGS COUPLINGS.

OPTION I: SOFTLY BREAK Z; Vot (H) = dm3;|H l?
ALLOWS v<«F, AT THE PRICE OF A TUNING ~OX(F2/2v2)

OPTION 2: HARD 4
BREAKING OF z, Vhard(H) =04,B/Ha, B




THE TWIN HIGGS




THE TWIN TOP

THE TOP PARTNER ACTS AS

EXPECTED FROM GLOBAL
SYMMETRY PROTECTION, BUT
NOT CHARGED UNDER QCD.

h+... f

- < NO DIRECT LIMIT ON TOP
B PARTNER.




WHERE ARE THE
BODIES BURIED?

EVADES "TOP PARTNER THEOREM", BUT...

e DEMANDING EXACT Z; MEANS TWIN LIGHT
GENERATIONS: USELESS FOR NATURALNESS
BUT TROUBLE FOR COSMOLOGY (Ngre).

e STMMETRY STRUCTURE SLIGHTLY AUKWARD:
REALLY ASKING FOR Z; PLUS
APPROXIMATE 8U(4) OF HIGGS POTENTIAL.

BIGGER QUESTION: JUST A PATHOLOGY, OR
ExXAMPLE OF DEEFPER/GENERAL STRUCTURE?
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ORBIFOLD FIELD THEORY

START WITH A |

—ARENT SYMMETRY, IDENTIFY A DISCRETE

GLOBAL STYMM

ETRY.

OBTAIN A DAUGHTER STYMMETRY BY ELIMINATING ALL FIELDS
NOT INVARIANT UNDER DISCRETE SYMMETRY (L.E. THE
UNTWISTED SECTOR OF ORBIFOLD COMPACTIFICATION).

IN THE LARGE N LIMIT, CORRELATION FUNCTIONS (TWO-POINT
FUNCTIONS!) OF THE PARENT AND DAUGHTER THEORY ARE
IDENTICAL. GNEN A CONTINUOUS SYMMETRY SOLN. TO
HIERARCHY PROB, ORBIFOLD PROBABLY SOLVES IT TOO.

E.G. PARENT SU(N), DISCRETE Z;, DAUGHTER SUNIXSUN)XS,,
MATTER TRANSFORMING ONLY IN IRREPS OF THE DAUGHTER.

IF THE PARENT SYMMETRY PROTECTS THE HIGGS, OFTEN THE
DAUGHTER DOES AS WELL, BUT WITHOUT THE FULL
REPRESENTATIONS REQUIRED BY THE FPARENT.

SOUND FAMILIARZ




TWIN HGGS /1S AN ORBIFOLD
PARENT: suUlz)xsu(4)/z;

VARIOUS U() cHOICES: U(2)/z;, u(1)?/Z;, u()i CANONICAL cHOICE u(1)?/z;

DAUGHTER: [sU(3)x5U(2)12¢S,

CANONICAL U() cHoICE: [sU(@)xsuUl2)xu(1)]2xs;




TWIN HIGGS /8 AN ORBIFOLD
PARENT: sU(a)xsu(4)/Z;

VARIOUS U() cHOICES: U(2)/z;, u(1)?/Z;, u()i CANONICAL cHOICE u(1)?/z;

DAUGHTER: [sU(3)x5U(2)12¢S,
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H e, U
Y\ Y \ VAN
\HA He \QQA QB Ua Us




TWIN HIGGS IS AN ORBIFOLD
PARENT: sulz)xsu(4)/Z;

VARIOUS U() cHOICES: U(2)/z;, u(1)?/Z;, u()i CANONICAL cHOICE u(1)?/z;

DAUGHTER: [sU(3)x5U(2)12¢S,

CANONICAL U() cHoICE: [sU(@)xsuUl2)xu(1)]2xs;

H e, U
Y\ Y \ Y\
\HA He §C2A QB Ua Us

2 HAQAUA 4 2 2\
HQU\’HBQBUB H|[4+ —(|Hal|?+ |Hs |2

GIVES YOU ALL THE COUPLINGS REQUIRED BY TWIN HIGGS. /




Uv COMPLETIONS

WE KNOW HOW TO THINK OF ORBIFOLDS
GEOMETRICALLY...

sU(e)xsul4)  [sUz)xsu(2))?
— @

HQs,Us (D7) Qi2,U 2D 2 (Ds?)




..OR BY DECONSTRUCTING THE GEOMETRY:

Uv COMPLETIONS

WE KNOW HOW TO THINK OF ORBIFOLDS
GEOMETRICALLY...

sU(e)xsul4)  [sUz)xsu(2))?
— @

HQs,Us (D7) Qi2,U 2D 2 (Ds?)

sUle) ' [oU(3)
xSU(4) xSU(2)]2

H Qs Us (Ds?) Q1,2,U1,2,D|,2(D3.7)
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THE GENERALIZATION

e RECIPE SEEMS TO BE suU(#2)xsu(#2)/T. WE
EXPECT FROM THE ORBIFOLD
CORRESFPONDENCE THAT ALL SUCH
THEORIES GIVE ORBIFOLD HIGGS MODELS.

e THE OBVIOUS ABELIAN GENERALIZATION:

=ZNn INSTEAD OF Z;. STRAIGHTFORWARD BUT
BORING: N-HIGGS.

e SO WHAT ABOUT NON-ABELIAN DISCRETE
SYMMETRIES? E.G. SN, Ay, ETC. EXPECT
SOMETHING QUALITATNVELY NEW.




THE 93 HIGGS
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THE 93 HIGGS

PARENT: su(18)xsuli2)/s;
DAUGHTER: [oU(3)xsU(2)]12x[sule)xsu(4)]

_ SU(3) | SU@3) | su(é)
L - HQU UA O
—> UR EI
uc 0
v up O
SU(2) | SU2) | sU4)
Ha | O 3x2 | 3x2 | 6x4
He - Qa | OO
HC L] QB DE'
Hp H Qc o0




THE 93 HIGGS

PARENT: su(18)xsuli2)/s;
DAUGHTER: [oU(3)xsU(2)]12x[sule)xsu(4)]

SU(3) | SU(3) | SU(6)
L = HQU | o
—> UR EI
uc O
v Up O
SU(2) | SU(2) | sU(4)
Ha | O 3x2 | 3x2 | 6x4
He = Qa | OO
He = Qs OO0
Hp - Qc oo

“HGGS IS PSEUDO-GOLDSTONE OF THE ORBIFOLDED
su(12) SYMMETRY”




HOW TO NORMALIZE
YOUR ORBIFOLD HIGGS

NOT AT ALL OBVIOUS THAT RADIATIVE
CORRECTIONS PRESERVE THE su(i2) BUT
ORBIFOLD CORRESPONDENCE DEMANDS IT...




HOW TO NORMALIZE
YOUR ORBIFOLD HIGGS

NOT AT ALL OBVIOUS THAT RADIATIVE
CORRECTIONS PRESERVE THE su(i2) BUT
ORBIFOLD CORRESPONDENCE DEMANDS IT...

GIVEN PARENT COUPLINGS g,T )\

FIELD THEORY ORBIFOLD + CANONICAL
NORMALIZATION OF DAUGHTER STATES —
do DAUGHTER SECTOR INHERITS COUPLINGS

g — Y —
. R A— A




QUADRATIC SENSITIVITY

CW POTENTIAL FOR SCALAR TRANSFORMING AS A
FUNDAMENTAL UNDER 5SUQ2d,) WITH APPROPRIATE YUK AWA:

52—A2_6d2+3d ! 2 4
MHo = 1gg2 | MY T d, )T




QUADRATIC SENSITIVITY

CW POTENTIAL FOR SCALAR TRANSFORMING AS A
FUNDAMENTAL UNDER 5SUQ2d,) WITH APPROPRIATE YUK AWA:

i 1
oms, = 6d.uy° + 3| d, 24
m _ Yy, T ( 4da>ga+

] . _
\ 2 2
162 _—6Y +3<1 4da>g +..._




QUADRATIC SENSITIVITY

CW POTENTIAL FOR SCALAR TRANSFORMING AS A
FUNDAMENTAL UNDER 5SUQ2d,) WITH APPROPRIATE YUK AWA:

A2 [
oms, =
" H, 1672 |
A2 |
> 1672

A° 2 2
ST —6Y* + 3¢

] (|Hal?

SU(12) INVARIANT
~I/IN ORBIFOLD CORRECTIONS —

6doy’ + 3 (da

1

2

. i
2 2
—0Y +3<1 4da>g + ...

TOTAL ONE-LOOP CW POTENTIAL FOR S:; HIGGS SCALARS:

Hel” +|Hpl?)




QUALITATIVE
PHENOMENOLOGY
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QUALITATIVE
PHENOMENOLOGY

su(12)-suUdi): 23 (PSEUDO)GOLDSTONES.
3+3+15=21 EATEN, 2 PSEUDOS REMAIN

IN TYPICAL VACUUM Vv~F § PSEUDOS ONLY PARTIALLY
ALIGNED W/SM VEYV. AS IN TWIN HIGGS, NEED TO TILT
POTENTIAL TO GET v«F ¢ ONE SM-LIKE PSEUDO.

A:]zf RADIAL MODE, M~Af
97 MOST HIGGSES EATEN, M~gf
f ONE GENERIC PSEUDO, M~f

0v  ONE SM-LIKE PSEUDO, M~ov




THE A4 HIGGS
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THE A4 HIGGS

PARENT: sU(ze)xsu(24)/ A
DAUGHTER: [sU(3)xsUu(2)]zx[su(a)xsuls)]

su(@xsu(2) su(a)xsuls)

H Q Uu H H U

Ha Uz Us




THE A4 HIGGS

PARENT: sU(ze)xsu(24)/ A
DAUGHTER: [sU(3)xsUu(2)]zx[su(a)xsuls)]

su(@xsu(2) su(a)xsuls)

H Q u H H U o
Ha Uz Us

suU(24)-sU(232) 417 (PSEUDO)GOLDSTONES.
3+3+3+35=44 EATEN, 3 PSEUDOS REMAIN

‘HGGS 1S PSEUDO-GOLDSTONE OF THE ORBIFOLDED
SU(24) SYMMETRY”




REALISTIC MODELS

I'VE JUST SKETCHED TOY MODELS FOCUSING
ON THE HIGGS POTENTIAL: FOR REALISTIC
MODELS (E.G. HIGHER-DIM THEORIES), WE...

e NEED TO MAKE CHOICES FOR Bri EITHER
PART OF PARENT STYMMETRY (NEED 2HDM) OR
NOT (LIVES AT DEFECT).

e NEED TO MAKE CHOICES FOR FIRST/SECOND
GENERATIONS: SIMPLEST CHOICE IS TO LIVE AT
DEFECT.

e NEED TO DEAL WITH ANOMALIES OF PARENT
AND DAUGHTER STMMETRIES.

NONE OF THESE ARE DEAL-BREAKERS, BUT IT
HELPS TO DRESS THE FIELD THEORYT ORBIFOLD.
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THE TAKEHOME

THE TWIN HIGGS IS THE SIMPLEST EXAMPLE OF
AN ORBIFOLD HIGGS.

EXPLAINS ALL THE PROPERTIES OF THE TWIN
HIGGS, AND GEOMETRIC INTUITION FOR
ORBIFOLDS POINTS TO SOLUTIONS TO CLASSIC
PROBLEMS OF TWIN HIGGS.

PHENOMENOLOGY OF GEOMETRIC TWIN HIGGS
CAN CHANGE RADICALLY!

THERE ARE MANY MORE THEORIES OF THIS
TYPE, WTH HIDDEN SECTORS NOT SIMPLY
RELATED TO THE STANDARD MODEL!




THE BIG PICTURE

e INTENSE DEBATE ABOUT NATURALNESS POST-
HIGGS, MANY CONCLUSIONS BEING DRAWN.

e BUT WE'RE FAR FROM WRITING DOWN ALL
NATURAL THEORIES USING STMMETRIES. MAJOR

LOOPHOLES IN "TOP PARTNER THEOREM.”

o WE SHOULD TRY REDUCTIONS OF ALL STYMMETRY
SOLUTIONS TO THE HIERARCHY PROBLEM.
ORBIFOLDS OF GLOBAL SYMMETRY ONLY ONE
AVENUE —— ORBIFOLDS ALSO OF R-STMMETRY?
ORIENTIFOLDS? OTHER STRINGY SINGULARITIES?

LOTS TO EXPLORE BEFORE WE PASS
JUDGMENT ON NATURALNESS!




